Purpose To establish an in vitro culture system for mouse round spermatids that models spermiogenesis and enables the assessment of oocyte activation ability. Methods Round spermatids and Sertoli cells were isolated from testicular tissues of B6D2F1 male mice and cocultured in the presence of testosterone and recombinant FSH. Cultured spermatids were examined for morphology and condensation of nuclei, fertilization and development rate, and Ca 2+ oscillation pattern after ICSI. Results The cultured spermatids elongated and resembled normal elongating spermatids in terms of both morphology and nuclear condensation. No significant differences in fertilization and development rates were observed between fresh and cultured elongating spermatids. Moreover, cultured spermatids showed similar Ca 2+ oscillation patterns to fresh elongating spermatids during an initial stage in oocyte activation. Conclusions These data suggest that a co-culture system of spermatids and Sertoli cells, supplemented with testosterone and recombinant FSH, supports normal differentiation of round spermatids into elongating spermatids, as assessed by their morphology, nuclear condensation, and oocyte activation ability.
Introduction
Since the first report of successful fertilization with round spermatid nuclei [1] , numerous experiments using immature spermatogenic cells (spermatids and spermatocytes) have been conducted in laboratory animals [2] [3] [4] [5] . The fertilization and development rates of oocytes injected with immature spermatids, however, are low [6] [7] [8] [9] . One cause of this is the poor oocyte activation ability of immature spermatogenic cells.
Oocyte activation is characterized by a rise in cytoplasmic calcium concentration ([Ca 2+ ] i ) known as Ca 2+ oscillation. In the mouse, Ca 2+ oscillation persists for 10-15 min following fertilization and disappears when a pronucleus is formed [10] . This increase in [Ca 2+ ] i is a universal phenomenon observed in all animal species examined thus far [11] [12] [13] . Ca 2+ oscillation is essential for activation at fertilization and for subsequent embryonic development [14] .
Intracytoplasmic sperm injection (ICSI) has a high success rate provided that mature spermatozoa are used. If round spermatids are injected, the rates of oocyte activation and fertilization are much lower, likely because of their inability to activate the oocyte. This idea is supported by observations from in vitro models of spermatogenesis.
In vitro models that recapitulate the normal steps of spermatogenesis, in a manner that results in the acquisition of oocyte activation ability, are key to fully understanding spermatogenesis. Moreover, a future role for such models in the application for human assisted reproductive technology (ART) is expected. One model utilizes mouse spermatogonia co-cultured with Sertoli cells, obtained from the testes of 13 to 18 day-old B6D2F1 mice [15] . In this culture system, the spermatogonia complete meiosis and differentiate into haploid round spermatids. Microinjection of these spermatids into an artificially activated oocyte results in fertilization and the development of a normal embryo. However, spermiogenesis is not addressed in this culture system. Our report is the first to demonstrate spermiogenesis in such a culture system.
In this study, we demonstrate that co-culture of adult B6D2F1 round spermatids in vitro with mouse Sertoli cells produces spermatids with oocyte activation ability. The system employs a standard culture medium supplemented with testosterone and recombinant FSH. Under these conditions, round spermatids differentiate into elongating spermatids, exhibit Ca 2+ oscillation following microinjection into the oocyte, and result in the production of normal blastocysts.
Materials and methods

Preparation of testicular cells
Testicular cells were aspirated from the testes of mature male B6D2F1 mice (8-10 weeks old) using a 27-gauge needle and syringe containing HEPES-buffered HTF medium (Hb-HTF), supplemented with 4 mg/mL bovine serum albumin (BSA). The aspirated testicular cells were then washed in Hb-HTF medium. Following centrifugation at 1500 g for 20 s, the pellet was resuspended in Hb-HTF medium. The cells were then incubated at 32°C before use.
Preparation of mature spermatozoa
Cauda epididymides, isolated from mature male B6D2F1 (8-13 weeks old) mice, were cut into small pieces in HTF medium supplemented with 4 mg/mL BSA to disperse the spermatozoa. Spermatozoa were then washed in HTF medium. Following centrifugation at 1500 g for 20 s, the pellet was resuspended in HTF medium. The spermatozoa were incubated at 37°C under 5% CO 2 in air for at least 30 min before use.
In vitro culture
Round spermatids and Sertoli cells were manually isolated from a testicular cell solution by using a micromanipulator and co-cultured at 32°C in an incubator with 5% CO 2 in air.
In selecting the round spermatids and Sertoli cells, we used size and form as the indices. For round spermatids, the size is 8-10 μm and the form is round. For Sertoli cells, the size is approximately 15 μm and the presence of fat droplets in the cytoplasm is a key feature. Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 1×10
6 IU/L penicillin, 100 mg/L streptomycin, 8 mg/L kanamycin, 1 μM testosterone, 500 mIU/mL recombinant FSH (rFSH: Organon-Japan), and 5 μg/mL epinephrine, was used as the culture medium. Each of about 20 round spermatids and Sertoli cells were put into a 5 μl culture medium drop.
As a control, round spermatids and Sertoli cells were cultured with DMEM supplemented with 10% FBS, 1×10 6 IU/L penicillin, 100 mg/L streptomycin and 8 mg/L kanamycin.
Nuclear staining
Propidium iodide (PI) DNA staining was used to examine the nuclei of the spermatids/spermatozoa. Round spermatids, elongating spermatids, epididymal spermatozoa, and elongating spermatids after in vitro maturation of round spermatids were fixed for 10 min in 3% formaldehyde. Fixed samples were washed in phosphate buffered saline (PBS) and stained for 30 min in PBS drops containing 1 μg/mL PI. Stained samples were viewed using a confocal laser microscope (Olympus: X71, FV1000).
Preparation of oocytes
Mature female B6D2F1 mice (6-8 weeks old) were superovulated with intraperitoneal injections of 8 IU pregnant mare serum gonadotropin (PMSG; Teikokuzouki Co., Tokyo, Japan) followed by 8 IU human chorionic gonadotropin (HCG; Teikokuzouki Co., Tokyo, Japan) 48 h later. Mature oocytes were collected from the oviducts 17 h after HCG injection and were freed from their cumulus cells by treatment with 0.1% hyaluronidase in Hb-HTF. The cumulus-free oocytes were rinsed thoroughly and placed in drops of HTF covered with mineral oil.
Microinjection of spermatids/spermatozoa
Microinjection with round spermatids, elongating spermatids, epididymal spermatozoa, and elongating spermatids after in vitro maturation of round spermatids was performed using a piezo-micromanipulator (Suruga Seiki Co., Shizuoka, Japan). The oocytes were loaded into a pipette and the zona pellucida was penetrated using piezo pulses. After expulsion of a segment of zona pellucida from the pipette, the oocytes were moved to the tip of the injection pipette, which was inserted into the ooplasm as the oolemma was punctured by application of a single piezo pulse. The sperm at the tip of the pipette was injected into the ooplasm with a minimal amount of medium. After injection, the oocytes were incubated in HTF medium at 37°C under 5% CO 2 in air. The oocytes were checked 6 h after ICSI for fertilization. Oocytes with two pronuclei and a second polar body were considered to be fertilized. The fertilized oocytes were separated and allowed to develop to the blastocyst stage. ] i was recorded.
Statistics
Each experiment was performed at least three times, and statistical significance was assessed using the Chi-Square test. P values less than 0.05 were considered statistically significant.
Results
Differentiation of round spermatids
Cultured round spermatids changed their morphology, as shown in Fig. 1 . Round spermatids differentiated into elongating spermatids after two days of culture. The differentiation rate of the round spermatids into elongating spermatids was 16.0% (15/94). In the controls, the differentiation rate of round spermatids to elongating spermatids was 6.3% (6/95).
Condensation of spermatid nuclei
Stained nuclei of spermatids/spermatozoa are shown in Fig. 2 . In round spermatids, the DNA was diffusely distributed throughout the cytoplasm (Fig. 2a) . In elongating spermatids, however, it was condensed in the center or at the edge of the cell (Fig. 2b) . In epididymal spermatozoa, staining was localized at the head region with a completely condensed nucleus (Fig. 2c) . In elongating spermatids after in vitro maturation of round spermatids, staining was observed at the center or edge of the cell (Fig. 2d) , as was the case for elongating spermatids, indicating that the nuclear condensation accompanied the other morphological changes in these in vitro cultured cells. Condensation of nuclei was obtained in all elongating spermatids after in vitro maturation of round spermatids.
Development of oocytes injected with spermatids/ spermatozoa
The fertilization and development rates of oocytes injected with spermatids/spermatozoa are summarized in Table 1 . When epididymal spermatozoa were injected, 41 of 55 (74.5%) oocytes were fertilized, and 13 of 55 (23.6%) oocytes developed to the blastocyst stage. When round spermatids were injected, no oocytes were fertilized. When elongating spermatids were injected, 12 of 64 (18.5%) oocytes were fertilized, and 2 of 64 (3.1%) oocytes developed to the blastocyst stage. When elongating spermatids after in vitro maturation of round spermatida were injected, 9 of 59 (15.3%) oocytes were fertilized, and 1 of 59 (1.7%) oocytes developed to the blastocyst stage. There were no significant differences in the fertilization and development rates between elongating spermatids which had matured in vivo and elongating spermatids after in vitro maturation of round spermatids (Chi-Square test).
Ca 2+ oscillation-inducing abilities of spermatids/ spermatozoa
The representative response patterns of [Ca 2+ ] i following spermatid/spermatozoon injection are shown in Fig. 3 . No significant change in [Ca 2+ ] i was observed in the shaminjected oocytes (Fig. 3b) or oocytes injected with round spermatids (Fig. 3c) . In contrast, a significant increase in [Ca 2+ ] i was seen in oocytes injected with spermatozoa, and a steady Ca 2+ oscillation pattern was observed (Fig. 3a) . With the injection of elongating spermatids, an increase in [Ca 2+ ] i was detected, and a weak, unstable Ca 2+ oscillation pattern was observed (Fig. 3d) . A similar Ca 2+ oscillation pattern was observed in oocytes injected with elongating spermatids after in vitro maturation of round spermatids (Fig. 3e) .
Discussion
A number of models for spermatogenesis have been developed and a few include in vivo components. Toyooka et al. induced embryounic stem cells to differentiate into germ cells in vitro. Subsequent transplantation of these cells into seminiferous tubules resulted in the production of mature spermatozoa [16] . Spermatozoa capable of producing live offspring following ICSI have also been generated by transplanting primordial germ cells into seminiferous tubules [17] .
In a study utilizing in vitro culture alone, spermatogenic cells isolated from postnatal day 13-18 mice were cocultured with Sertoli cells, and differentiated into round spermatids. These cells lacked nuclear condensation [15] . In both that model and the transplantation model, while both meiosis and germ cell differentiation were completed, differentiation past the round spermatid stage in vitro was not observed. The ability of the spermatid to cause Ca 2+ oscillation is attained once it differentiates past the round stage [18] . In this study, we focused on the spermiogenesis of the B6D2F1 mouse. We isolated round spermatids and co-cultured the Sertoli cells in standard culture conditions. As we were able to produce sperm differentiation past the round spermatid stage, we then assessed Ca 2+ oscillation during an initial stage in oocyte activation after microinjection as a marker of functional maturation.
In our model, the differentiation of round spermatids was produced by co-culture with Sertoli cells from adult Fig. 2 Nuclear staining (red) of spermatids/spermatozoa. a Round spermatids: DNA is diffusely distributed throughout the entire cytoplasm. b Elongating spermatids: DNA is condensed at the center or edge of the cytoplasm. c Epididymal spermatozoa: DNA is localized at the head region with a completely condensed nucleus. d Elongating spermatids after in vitro maturation of round spermatid: DNA is condensed at the center or edge of the cytoplasm B6D2F1 mice, in a standard media consisting of DMEM supplemented with testosterone and recombinant FSH. The nuclear staining of the elongating spermatids after in vitro maturation of round spermatids resembled that of elongating spermatids, indicating that nuclear condensation had occurred in vitro. It is plausible that the improved efficacy of this system was the result of the meticulous isolation of the spermatids and Sertoli cells. The round spermatid of the B6D2F1 mouse lacks the capacity for fertilization in the absence of artificial oocyte activation [3] . Unlike the round spermatids of ICR mice, which induce Ca 2+ oscillation and result in successful fertilization when injected, round spermatids from B6D2F1 mice fail to trigger Ca 2+ oscillation [19] . To date, all conventional spermatogenic studies employing haploid germ cells from B6D2F1 mice have employed artificial oocyte activation. In this study, we found that while oocytes injected with round spermatids had the same [Ca 2+ ] i as non-injected oocytes, injection of elongating spermatids after in vitro maturation of round spermatids caused an increase in [Ca 2+ ] i during an initial stage in oocyte activation similar to that observed following injection with elongating spermatids which had matured in vivo. It will be necessary to determine the changes in further sequential Ca 2+ oscillation after ICSI. Using our novel in vitro culture system, we successfully induced the differentiation of round spermatids of B6D2F1 2+ oscillation pattern similar to that observed in oocytes injected with elongating spermatids which had matured in vivo mice into elongating spermatids which had oocyte activation ability. No significant differences in fertilization and developmental rates were observed between the oocytes injected with elongating spermatids after in vitro maturation of round spermatid and those injected with elongating spermatids which had matured in vivo. In this study, we have shown that the B6D2F1 round spermatid, which is normally incapable of fertilizing an oocyte, can be matured in vitro such that it fertilizes and activates an oocyte in vitro. The spermatids produced in our system closely resemble elongating spermatids with regard to their nuclear condensation and oocyte activation/Ca 2+ oscillationinducing ability.
Our culture model has advantages over previously reported systems. First, unlike a previously described coculture system [20] , both the spermatids and the Sertoli cells used in our model are from the same species, which more closely approximates physiologic conditions. Second, our method is simple and utilizes standard, easily obtainable reagents. We anticipate that these features will result in the adoption of our culture conditions to a variety of experiments designed to elucidate the molecular pathways and processes of spermatogenesis.
For future implication of our model in ART, there are some important considerations. First, there is a difference in centrosomal inheritance between the mouse and human. Mouse sperm does not have a centrosome while functional centrosomes exist in the mouse oocyte, and these centrosomes function in mouse fertilization. In contrast, although the centrosome does not exist in a human oocyte, the sperm centrosome functions during human fertilization. Investigation of centrosomal function in the human immature spermatid is needed. Second, there is the matter of the sperm factor for oocyte activation. The most powerful candidate is spermspecific Phosholipase C (PLC) zeta as the factor of the oocyte activation [21] . It is reported that PLC zeta was undetected in sperm from a patient who had failed ICSI [22] . It is necessary to examine the appearance of PLC zeta of immature spermatids which are cultured in vitro. Finally, with in vitro spermatogenesis, it is a problem whether the genomic imprinting of spermatids is normal or abnormal. Normal genomic imprinting is critical in producing normal offspring; thus whether the genomic imprinting of spermatids cultured in vitro is normal or abnormal should be examined.
